The ultimate goal of Fontan surgical planning is to provide additional insights into the clinical decision-making process. In its current state, surgical planning offers an accurate hemodynamic assessment of the pre-operative condition, provides anatomical constraints for potential surgical options, and produces decent post-operative predictions if boundary conditions are similar enough between the pre-operative and post-operative states. Moving forward, validation with post-operative data is a necessary step in order to assess the accuracy of surgical planning and determine which methodological improvements are needed. Future efforts to automate the surgical planning process will reduce the individual expertise needed and encourage use in the clinic by clinicians. As post-operative physiologic predictions improve, Fontan surgical planning will become an more effective tool to accurately model patient-specific hemodynamics.
Introduction
For the 1% of children born with congenital heart defects (CHD), complex surgeries are often inevitable. Singleventricle abnormalities are among the most severe, requiring several, staged operations for palliation. These operations include a stage I procedure, such as the Norwood, BlalockTaussig shunt or PA-band, the Glenn procedure (directly connecting the superior vena cava to the pulmonary artery), and the Fontan procedure (Fig. 1) . Short of transplantation, the Fontan procedure is the only long-term option to palliate most single-ventricle congenital heart defects. In the Fontan procedure, a baffle or conduit is used to redirect blood from the inferior vena cava (IVC) to the pulmonary circulation, Associate Editor Jeffrey W. Holmes oversaw the review of this article bypassing the subpulmonary ventricle [1] . First performed in 1971, the Fontan operation has since progressed through several iterations, including the atriopulmonary connection, intraatrial baffle, and extracardiac conduit with several more subtle variations along the way. The resulting configuration prevents the mixing of oxygenated and deoxygenated blood by putting the systemic and pulmonary circulation in series and allows the body to function with only one working ventricle.
Though the Fontan procedure offers promising short-term outcomes, serious complications such as pulmonary arteriovenous malformations (PAVMs), liver disease, protein-losing enteropathy, and exercise intolerance can occur as patients age [2] [3] [4] [5] [6] [7] . It is hypothesized that the altered hemodynamics inherent to Fontan physiology plays a role in the development of these complications, which has motivated a plethora of computational and experimental studies [8] [9] [10] [11] [12] . Various groups have investigated new connection designs (Optiflo and Ygraft), mechanical circulatory assistance, and hemodynamic correlations with outcomes among others [13] [14] [15] [16] [17] [18] [19] .
Because of advances in medical imaging and the planned nature of the Fontan surgery, the use of Bsurgical planning^to pre-operatively optimize relevant hemodynamic metrics is hypothesized to improve patient outcomes. Fontan surgical planning is a collaborative effort between clinicians and engineers which has been used over the past 15 years. Generally, surgical planning has been reserved for the most complex Fontan cases, including those with interrupted IVC with azygous (AZ) continuation, multiple superior vena cavae (SVC) , and other types of complex anatomies [11, 20, 21] .
Fontan Surgical Planning: Current Methodology and Impact
The current surgical planning paradigm is a multi-step process that involves collaboration between clinicians and engineers.
The major steps include pre-operative image acquisition, image processing, creation of virtual surgical options, and numerical simulations of those proposed options ( Fig. 2 ) [22] [23] [24] . Communication between clinicians and engineers is essential to verify segmented images, discuss the viability of surgical options, and review simulation results. Overall, surgical planning is meant to analyze the performance of potential surgical options and therefore help inform the decision of graft type and positioning.
Potential surgical options are evaluated and ranked according to various clinically important metrics. To date, the major goals of Fontan surgical planning have included minimizing energy loss in the total cavopulmonary connection (TCPC), providing a balanced hepatic flow distribution (HFD) to the left and right lungs, and avoiding extreme wall shear stress. Energy loss has been related to exercise intolerance and is hypothesized to affect overall patient outcome, HFD is a known factor in PAVM progression, and extreme wall shear stress (both low and high) may be prone to clot or blood damage, respectively [20, [25] [26] [27] [28] . In situations where one specific surgical option is not optimal for all metrics, clinicians must evaluate which complication is of most concern for a given patient. For example, the progression of PAVMs is a very common motivation for surgical planning and therefore would focus on achieving balanced HFD.
The data flow, order of events, and forms of data transfer between the clinical and engineering settings are shown in Fig. 3 . The only physical transfer of data from the clinical setting to engineering setting is the imaging data which begins the surgical planning process. Analyses including threedimensional reconstructions of the pre-operative anatomy and proposed surgical options, as well as a final surgical planning report, are ultimately sent back to the clinic at the respective steps in the surgical planning process. Frequent communication between the two settings is important during the 
Methodology Overview

Image Acquisition
The foundation for surgical and interventional planning is accurate imaging data. In general, cross-sectional imaging provides a superior substrate for anatomic reconstructions when compared to two-or even three-dimensional echocardiography due to the need for high spatial resolution and isotropic voxels (medical imaging cube with equal-length sides in each dimension, analogous to pixels in a two-dimensional image). Our lab typically utilizes cardiovascular magnetic resonance (CMR) imaging studies on children and young adults with congenital heart disease. Anatomic reconstructions can be created from stacks of contiguous, high-resolution, isotropic, and static datasets. Most often, we utilize pre-contrast, respiratory-navigated, T2-prepared, steady-state free precession (SSFP) readout images or post-contrast, respiratory- navigated, inversion recovery-prepared gradient echo (IR GRE) readout images. Ideally, the datasets should be isotropic with < 1.5 mm resolution.
Flow boundary conditions for the simulations are typically provided via phase-contrast magnetic resonance imaging (PCMRI). Through plane, retrospectively gated, PCMRI is used to assess flows in the cavae, branch pulmonary arteries, pulmonary veins, and across the aortic valve. Velocity encoding (VENC) is generally 150 cm/s for the aorta and 60 cm/s for the other vessels. Slice thickness is generally 4-5 mm with inplane resolution of 1.25 × 1.25 mm. The number of phases acquired is a function of the heart rate and generally ranges from 20 to 30.
Image Processing
Image segmentation is used to reconstruct both a patient's anatomy and blood flow waveforms. Most often, axial CMR images are the sequence of choice for anatomical reconstruction. Image segmentation has advanced steadily over the last 20 years, and now, a number of both commercial and opensource software packages exist that can interpolate, convert between axial/coronal/sagittal orientations, and segment patient anatomies with varying levels of automation [29] [30] [31] . Thus far, the high variability between Fontan anatomies has delayed fully automatic segmentation in this space.
Blood flow waveforms for all vessels of interest are reconstructed from PC-MRI images to provide boundary conditions for modeling purposes. These vessels include the IVC, SVC, left and right pulmonary arteries (LPA and RPA), left superior vena cava (LSVC), and AZ as appropriate. Similar to anatomic segmentation, a handful of software packages are available for velocity segmentation. To highlight one, Segment (http:// segment.heiberg.se) is an open-source software that provides a very straightforward and user-friendly workflow for segmentation [32, 33] . This software (similar to others) offers a wide variety of functionality, including automatic region of interest refining and propagation, vessel tracking throughout the cardiac cycle, automatic parameter calculation, and threedimensional velocity profile segmentation among others.
Generating Surgical Options
The pre-operative anatomical segmentation is the basis for generating potential surgical options, which is performed following detailed discussion with the clinicians. The Glenn anatomy (for pre-Fontan planning) or original Fontan anatomy (for Fontan revisions), as well as structures that could create anatomical constraints for the proposed options (heart, aorta, etc.), are included in the modeling. While standard CAD software can be used to generate surgical options, the use of modeling software specifically designed for Fontan surgical planning drastically reduces the time and effort required and reduces the need for any prior modeling expertise. For example, SURGEM III is a software which has been developed over the last decade specifically for Fontan surgical planning [11, 23, 34] . SURGEM III is an interactive solid modeling tool whose name stems from Bsurgery modeler.^It is designed to simplify and accelerate the surgical planning process, specifically the steps involved in creating and evaluating potential surgical options. With this software, a user can easily choose a graft type (traditional conduit or Ygraft) and graft size (in 2 mm increments) and position the insertion locations as desired (Fig. 4) . The user can modify graft centerline placement, insertion angle, and offset options as needed (Fig. 4c) . SURGEM III can also automatically generate a large number of combinations of graft size and insertion angles/offsets in order to evaluate the robustness of given surgical option [35] . Finally, this software can preview and export a surface mesh of the proposed surgical option for the next step in the surgical planning process (Fig. 4d ).
Numerical Simulations
Computational fluid dynamics (CFD) has been used for more than a decade to analyze blood flow through the Fontan connection [11, [36] [37] [38] [39] . Using the patient-specific anatomy and blood flow waveforms as the domain and boundary conditions, respectively, CFD techniques first discretize the patient's anatomy into many computational nodes/ cells (on the order of 10 5 -10 6 ). The CFD solver then solves the Navier-Stokes and continuity equations (momentum and mass conservation) at every node/cell within the domain. The pressure and velocity values at each node/cell are then updated, and this process repeats (iterates) until it converges on a solution. This occurs for every time step throughout the cardiac cycle. The output of a CFD simulation is the pressure and velocity component that satisfies the Navier-Stokes and continuity equations, as well as the specified boundary conditions at every node/cell in the domain. The resulting pressure and velocity fields can be used to calculate a number of potentially important clinical metrics, including energy loss, hepatic flow distribution, and wall shear stress among others. The general process for patient-specific CFD simulations is shown in Fig. 5 .
Sophisticated lumped parameter networks (LPN) are often used to model the full-body circulation in an attempt to produce more accurate flow boundary conditions for the post-operative state and assess global hemodynamics [38, [40] [41] [42] [43] [44] . In this process, a 0-D LPN is coupled to a threedimensional patient-specific model (stage 1, 2, or 3). The LPN is then tuned to match patient-specific conditions by carefully adjusting parameters (resistances, compliances, and impedances) throughout the LPN. When available, pressure measurements via catheterization allow for more patient-specific modeling of the full circulation (pulmonary and systemic vascular resistance, etc.) and can be integral in making broader surgical decisions [45] . This is usually accomplished using an optimization algorithm with some final manual adjustments to best match patient flow waveforms [38] . Once the model has been successfully tuned to match the pre-operative conditions, the virtual Bsurgery^is implemented by either updating the three-dimensional patient-specific model, reconfiguring the LPN, or both.
In addition, there is a wide range of fidelity in surgical planning simulations. Multiple variations, including steady vs pulsatile flow waveforms as boundary conditions, Newtonian vs non-Newtonian fluid properties, rigid vs compliant vessel walls, free-breathing vs breath-held flow effects, patient-specific vs idealized anatomies, and others, must be considered. In general, current surgical planning employs pulsatile, non-Newtonian, rigid, patient-specific, and breath-held conditions. Though some of these conditions are obviously not physiologically true, there is an important trade-off between physiological accuracy and computational time. Overall, the inclusion of more representative conditions (pulsatile, free-breathing, compliant, etc.) leads to longer computational times which may not fit the relatively short clinical timeline for most surgical planning cases. Several studies have investigated the effects of these various options, but more work is needed to determine how they may affect the ranking of surgical options [24, 46, 47] . Figure 6a shows the total time (human effort and computational time) required for each step in the surgical planning process. This timeline is representative of a standard case with high-quality imaging data and gives estimates based on our experience for modeling only one potential surgical option at one physiologic condition. Image segmentation and CFD simulation require over 90% of the total time needed for surgical planning. Furthermore, the estimation of 48 h to complete a CFD simulation assumes a significant amount of computational resources (64 AMD 2.4 GHz Opteron 6378 processors, 2 MB cache). If multiple surgical options are modeled as well as multiple physiologic conditions (usually the case), the time required for mesh generation, simulation setup, simulation run time, and processing results will be multiplied accordingly. While the steps in the surgical planning process are sequential, various surgical options could be distributed and evaluated in parallel by multiple people if sufficient computational resources exist. Figure 6b shows the total user input time (human effort only). In terms of user input, image segmentation requires around 40% of total user input (Fig. 6b) . This percentage can increase for patients with poor image quality or imaging artifacts. For the remaining steps in the surgical planning process, relatively minimal user input is required. Multiple surgical options with specific graft sizes can be generated within an hour using the software mentioned above. Standard protocols can be followed to generate meshes for CFD simulations. Even with more advanced meshes, including inflation layers and variable element sizing, this process can still be completed in less than 1 h per surgical option. Simulation setup is a somewhat routine process and can also be accomplished in less than 1 h per surgical option. Once the simulation is complete, processing results to calculate various metrics can be finished within 1 h. Overall, around 10 h of user input is currently required to model one surgical option, with an additional 4 h for each added surgical option or physiologic condition.
Personnel Involvement
Current Clinical Impact
At present, prospective Fontan surgical planning patients are identified by their clinician, who then contacts either the clinical or basic science members of our team to discuss feasibility of modeling for the patient-specific case. Specific imaging needs for accurate analysis are communicated to the referring center, and after the medical imaging is performed, the imaging data along with a clinical summary are de-identified and sent to our center. As mentioned above, we have received a mix of both pre-Fontan patients (where adverse streaming and difficult hemodynamics are predicted due to complex anatomy, so a traditional lateral tunnel or extracardiac Fontan is anticipated to have suboptimal results) and failing Fontan patients (with either PAVMs or poor hemodynamics).
After the surgical planning options are created and the hemodynamics such as energy loss and flow splits to each lung are calculated, the results are recorded in a report that is discussed with the cardiologist and the surgeon who are involved in the patient care. Ideally, the cardiologist and surgeon are the same as the ones who were in collaboration prior to creation of the surgical options; however, in practice, this is not necessarily the case. Nevertheless, all involved discuss the options to determine which is best to implement in the operating room, both from a hemodynamic standpoint and a practical surgical standpoint, the latter being less of an issue as most of this is taken into account earlier. The ventricles, atria, and other anatomic details are included in the threedimensional reconstruction to ensure the operation is able to be performed. In general, surgical planning data, both CFD and anatomy, are presented at the surgical conference.
For the vast majority of surgery in congenital heart disease, surgical planning is not performed. However, for complex lesions, surgical planning plays an important role by providing unique information. Specifically, this planning process has found utility in patients with bilateral superior vena cavae or in patients with heterotaxy syndrome (e.g., those with interrupted inferior vena cava with azygous continuation to a superior vena cava). In addition, surgical planning has been utilized in double outlet right ventricle to guide repair of the outflow tracts. Normally, pre-operative imaging allows for cardiologists and surgeons to view the Bcurrent state^of the patient's anatomy and hemodynamics and the healthcare provider needs to imagine how the repair will be performed. Surgical planning is the only methodology for healthcare providers to actually visualize and quantify the multiple Bfuture states^and to decide between them.
Since timing for most of these procedures is relatively elective, the analyses are completed prior to formulation of a clinical surgical plan. The detailed engineering and clinical summaries are composed and sent back to the original center. The referring clinicians then review all analyses, and a post-analysis conference call is scheduled to ensure clear communication of all ideas and findings. In each case we have completed to date, the clinical center has voiced that the results were helpful in formulating a treatment plan for the patient. In most cases, the most hemodynamically ideal virtual surgical option is implemented, but in select cases, there have been additional factors that precluded this Fig. 6 Total time and user input required for surgical planning. These estimates are representative of modeling one surgical option at one physiologic condition option (surgeon's preference, etc.). Regardless of which virtual option is implemented, we request, in all cases, that any follow-up data, including future cross-sectional imaging or catheterization data, is also sent to our center, so the virtual surgical decision-making process can continue to be refined.
Example Case
The following example case is a 12-year-old female with an existing lateral tunnel Fontan connection. Arterial oxygen saturations were in the upper 80s, with diagnosis of right lung PAVMs on the basis of systemic venous bubble injections. This patient was enrolled in the surgical planning protocol in order to evaluate surgical options for a Fontan revision with the goal of providing increased hepatic flow to the right lung.
The patient's anatomy and blood flow waveforms were reconstructed from pre-operative imaging (Fig. 7 , pre-operative). CFD simulations revealed an unbalanced hepatic flow favoring the left lung, confirming a lack of hepatic factor to the RPA is therefore PAVM progression in the right lung.
Several potential surgical options were modeled, including multiple variations of extracardiac conduit (ECC) and Y-graft connections. Each option was evaluated in terms of hepatic flow distribution (Fig. 7, proposed options) . Both the ECC (offset) and Y-graft (offset) options directed the majority of the hepatic flow (69%) to the right lung, suggesting either option could provide sufficient hepatic factor to combat PAVM progression.
The offset Y-graft option was chosen and implemented in the patient. The post-operative assessment based on a 2-month follow-up visit is shown in Fig. 7 . The proposed (red) and post-operative (blue) anatomies are overlaid for comparison. The post-operative Y-graft connection had very similar insertion points as the proposed option; however, the general shape of the Y-graft was much more tortuous than proposed. A comparison of the pre-and post-operative inlet flow waveforms is also shown (outlet waveforms not shown for clarity). Finally, the most important comparison is the predicted vs postoperative HFD. In this case, the HFD prediction of 69% to the RPA was very similar to the post-operative 70%. In general, we have seen HFD predictions to be within 10 percentage points of the post-operative result for Fontan revision cases closely resembling the predicted anatomy. However, this value is subject to change over time with physiologic growth and adaptation.
Future Vision-Methodology
The current capabilities of surgical planning offer accurate modeling of the pre-operative condition, anatomical constraints for proposed surgical options, and decent predictions of the post-operative state. Building upon these early successes, future improvements on both the engineering and clinical sides are needed to progress the effectiveness and applicability of Fontan surgical planning. Important future steps include validation with post-operative data, improved boundary condition prediction, and automation.
Validation-the Necessity of Follow-up Data
The only true measure for the effectiveness/usefulness of surgical planning is post-operative patient outcome. Surgical planning validation is the single most important task for the future of surgical planning. However, despite ongoing efforts, a lack of follow-up data continues to be a major barrier limiting the progression of surgical planning.
Because of this current shortcoming, a number of relatively basic and necessary questions remain: How accurate are surgical planning predictions? Are patient outcomes improved as a result of surgical planning? Does surgical planning reduce operating times? Does surgical planning reduce clinical costs or the need for re-operations? Can surgical planning provide useful insights even with patient growth and adaptation over time? To address these questions as well as evaluate current surgical planning methods, validation must be a focus in the coming years. A substantial, multi-center clinical trial randomizing the use of Fontan surgical planning and funding post-operative data collection may be necessary to acquire the data required to answer these questions.
Additionally, in order to refine the process of surgical planning, validation is needed in order to determine which, if any, metrics are causal or correlated with long-term Fontan complications. Future studies are needed to identify specific metrics that may be associated with liver disease, protein-losing enteropathy, and thromboembolic events, among others. Furthermore, the various simulation fidelities mentioned earlier can be assessed for their impact on these metrics. Through this process, surgical planning can be improved and more substantially related to patient outcomes.
Until this validation data exists, Fontan surgical planning can continue to provide insights into the pre-operative state and provide estimates of post-operative hemodynamics. Nonetheless, clinicians should view surgical planning results as a Bsecond opinion^and not a divine revelation. Years of clinical and surgical experience are not to be over-ruled by the surgical planning process, nor are they meant to be. However, the complex hemodynamics resulting from multiple colliding inlet jets (all with different flow rates varying in time) inside a complicated Fontan anatomy cannot always be visualized and do not always follow intuition, even with years of experience.
Boundary Conditions-Physiologic Prediction
Previous studies, though utilizing small cohorts, have qualitatively shown a high degree of similarity between the anatomies of virtually proposed and surgically implemented options [48] . This is not surprising since the process of creating potential surgical options takes into account anatomical constraints and landmarks and employs commercially available graft sizes. In addition, the proposed options are often created in collaboration with clinicians, resulting in options that are inherently based on their feedback. Figure 8 shows the proposed and post-operative anatomies overlaid for three example cases.
On the other hand, post-operative flow boundary condition prediction is probably the weakest methodological link in the surgical planning paradigm. As it currently stands, many surgical planning cases use pre-operative vessel flow waveforms as boundary conditions for the proposed surgical options in order to simulate blood flow through the Bnewĉ onnection and calculate relevant clinical metrics (HFD, energy loss, wall shear stress, etc.). From a purely physiological standpoint, this simplified prediction method is clearly limited. For single-ventricle patients moving from a Glenn to Fontan anatomy (stages 2-3), there is no reason to think that the complete re-routing of the IVC from the right atrium to a total cavopulmonary anastomosis will result in similar flow waveforms for the vena cava and pulmonary arteries. Furthermore, no evidence exists that even a Fontan revision will produce similar flow waveforms as those of the pre-operative state (pre-to postoperative inlet flow comparison shown in Fig. 7 ). The use of sophisticated LPNs has undoubtedly advanced the field and allowed for more complete analysis of proposed surgical options (gen saturation and delivery, pressure changes, etc.) [44] . However, as with all physiological modeling, limitations remain. Again, due to a lack of data, LPN parameter estimations/ranges are sometimes based on fundamentally different patient populations. In addition, holding certain parameter values/ratios constant between the preand post-operative states may not be sufficient to accurately represent a patient. Currently, all modeling is left to use various methods of scaling to account for patient growth, activity level, and adaptation over time.
The fundamental idea of patient-specific modeling requires a very complex, multifaceted system-level physiology to be accurately represented using basic engineering principles. Researchers have become well-equipped to do this for a patient's current state, but the physiologic prediction aspect of surgical planning is an ongoing area of interest with much room for improvement. Patient-specific modeling is inherently an individualized endeavor; it remains to be seen how accurate predictions can be given the limited amount of clinical data. 
Automation
Ideally, the surgical planning process would involve minimal user input in order to encourage clinical use and feasibility. The two steps that require substantial user input include medical image segmentation and CFD/LPN simulation setup. Automation of these two steps could significantly reduce the personnel hours needed for surgical planning.
Current efforts to automate image segmentation have employed machine learning and Bactive contour^methods to semi-automatically track regions of interest through a set of images [31] . These methods have worked well for brain and coronary artery segmentation but remain lacking for Fontan segmentation. This shortcoming is primarily due to differences in image quality and patient variability. Automatic segmentation is highly dependent on image quality, and MRI data (most Fontan studies) has a much lower resolution than CT images (used for previous brain and coronary artery segmentations).
Moreover, it is common for Fontan patients to have stents, coils, and other medical devices that can create imaging artifacts and affect image quality. From a patient variability standpoint, a TCPC can have between four and eight vessels, with vessel pathways and connections that vary greatly between patients. Fully automatic segmentation of these highly varied anatomies has proved to be a substantial task.
Other than the set of flow waveforms and physiologic parameters that are unique to each patient, most simulation parameters, including blood properties, solver and method selections, time step sizes, and convergence criteria, are consistent across the majority of patients. In general, most aspects of mesh generation and simulation setup should be automated in the future. With proper automation, the potential for parametric studies, including shape optimization, robustness analysis, and uncertainty quantification, could be performed for each surgical option [35, 49, 50] . These studies would provide a more thorough analysis and design of each surgical option as well as confidence intervals for the predicted metrics. Furthermore, once the simulations are complete, processing results is a fairly straightforward process and can be easily automated using user-defined functions or other post-processing codes.
With future efforts to automate image segmentation, mesh generation, and simulation setup/processing, we envision surgical planning requiring only 3-4 h of user input, with an additional 2 h per surgical option/condition. Not only does automation save user input time but also reduces the need for expertise in each of these areas. This would encourage use in the clinic by clinicians without the requirement of an extensive knowledge of fluid mechanics or CFD. A relatively short (1 month) surgical planning timeline could be possible with these advances (Fig. 9) . Additionally, the use of virtual/ augmented reality is quickly approaching the clinical space and may provide additional options/functionality for use in surgical planning.
Future Vision-Clinical Implementation
Utilization of Fontan surgical planning, including computational modeling and CFD analysis to predict optimal postoperative hemodynamic states, is currently limited to a few select centers with robust BME-pediatric cardiology collaborative research teams. As the methodological advancements mentioned above progress, the field should see a reduction in time for processing of individual cases as well as improve predictive accuracy for the results. These refinements, however, are unlikely to allow routine application at local sites without access to experienced basic scientists for performance of the analyses, so the need for Bcenters of excellence,^to which complex cases can be routed, seems likely to remain essential. This fact then leads to an important next question: how should such work be funded? Surgical planning is still in the research stages and is not covered by insurance. There are relatively few funded trials dealing with computational modeling and pre-surgical planning in congenital heart disease, but the Modeling of Congenital Heart Alliance (MOCHA), with participating institutions from both Europe and the USA, serves as an excellent model for others to build on [38, 44, 51] . Our lab and others are working to expand our services to other clinical and research centers, but only with adequate funding can these collaborations continue to thrive.
Summary
Ultimately, the goal of Fontan surgical planning is to provide additional insights into the clinical decision-making process. In its current state, surgical planning offers an accurate hemodynamic assessment of the pre-operative condition and provides anatomical constraints for potential surgical options and post-operative predictions if boundary conditions are similar enough between the pre-operative and post-operative states. Moving forward, validation with post-operative data is a necessary step in order to assess the accuracy of surgical planning and determine which methodological improvements are needed. Future efforts to automate the surgical planning process will reduce the individual expertise needed and encourage use in the clinic by clinicians. As post-operative physiologic predictions improve, Fontan surgical planning will become an even more effective tool to accurately model patientspecific hemodynamics.
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